ABSTRACT: Screw fixation in osteoporotic patients is becoming an increasing problem in orthopaedic surgery as deterioration of cortical and cancellous bone hamper biomechanical stability and screw fixation. This might result in delayed weight-bearing or failure of instrumentation. We hypothesized that local peri-operative shock wave treatment can optimize osseointegration and subsequent screw fixation. In eight female Wistar rats, two cancellous and two cortical bone screws were implanted in both femora and tibiae. Immediately after implantation, 3.000 unfocused extracorporeal shock waves (energy flux density 0.3 mJ/mm 2 ) were applied to one side. The other side served as non-treated internal control. Evaluation of osseointegration was performed after 4 weeks with the use of microCT scanning, histology with fluorochrome labeling, and pull-out tests of the screws. Four weeks after extracorporeal shock wave treatment, treated legs exhibited increased bone formation and screw fixation around cortical screws as compared to the control legs. This was corroborated by an increased pull-out of the shock wave treated cortical screws. The cancellous bone screws appeared not to be sensitive for shock wave treatment. Formation of neocortices after shock wave therapy was observed in three of eight animals. Furthermore, de novo bone formation in the bone marrow was observed in some animals. The current study showed bone formation and improved screw fixation as a result of shock wave therapy. New bone was also formed at locations remote from the screws, hence, not contributing to screw fixation. Further, research is warranted to make shock wave therapy tailor-made for fracture fixation. Keywords: fracture healing; fracture fixation; treatment failure; high-energy shock waves; osteoporosis
The increasing aging population results in a higher incidence of musculoskeletal degenerative diseases like osteoporosis. 1, 2 The reduced bone mass density and deterioration of the bone micro-architecture in elderly often leads to bone fragility and a high-risk of bone fractures. [3] [4] [5] Osteoporotic fractures can have a devastating effect on the quality of life, because of temporary or permanent loss of function and complications. 4, 6, 7 Mortality rates in these patients are increased, which is mostly due to co-morbidities and complications of the operative procedures and not due to the fracture itself. 4 One of the complications is failure of instrumentation and non-union related to impaired screw fixation in diminished bone stock. [8] [9] [10] Therefore, there is a strong demand for improvement of fracture fixation in osteoporotic bone. 8, 11 Many surgical treatment options for improvement of stabilization of osteoporotic fractures have been developed during the last few decades. These options are technique-related, such as bone impaction, buttress fixation, or lever-arm modification or implantrelated, such as fixed-angle devices, locking plates, coating of implants, use of different implant materials, screw positioning, or cement augmentation. [12] [13] [14] There are also bone-related options, like the use of BMP's or bisphosphonates. These surgical improvements have led to reduced chance of implant failure and complications in fracture fixation. 15 However, failure of fixation still occurs and depending on the place and type of fracture and the operation performed, it could reach up to 30% failure rate. 13, [16] [17] [18] [19] [20] Good fixation of screws and plate osteosynthesis is hampered by low bone mass, especially cortical thinning. 13, 21 Screw pullout is significantly associated with bone mineral density (BMD) 22 or more precisely with the contact area between implant and bone. 23 Biomechanical improvement of screw fixation will lead to fewer complications and will expedite weightbearing activities, an important issue for rehabilitation of elderly patients. Enhancing local bone stock by increasing the cortical and cancellous bone volume might therefore lead to improved screw fixation and optimized plate fixation. 24, 25 A novel approach that may overcome the problem of diminished bone is improvement of the local bone stock with extracorporeal shock wave therapy. In small animal models it was demonstrated that a single treatment with unfocused extracorporeal shock waves (UESW) provides a pronounced increase in cortical and cancellous bone volume. 26, 27 Clinical trials show positive results for the treatment of non-unions, [28] [29] [30] [31] [32] and other musculoskeletal diseases. 33, 34 We hypothesize that peri-operative shock wave treatment can improve screw fixation and osseointegration. In this study, we demonstrate the effect of peri-operative treatment with UESW on bone formation around cortical and cancellous screws in rats with use of microCT scanning, histology, and pullout tests.
METHODS

Study Design
Eight female Wistar rats (Charles River, Sulzfeld, Germany) were housed paired under strict supervision in the animal facility of the University Medical Center Utrecht. Animals received standard food pellets and water ad libitum, and were kept under climate-controlled conditions (21˚C; 12 h light/12 h darkness). At the age of 16 weeks, the rats received two sterile unicortical metaphyseal (so-called cancellous) screws and two bicortical diaphysial (so-called cortical) screws in each hind leg. During the same procedure they received unfocused extracorporeal shock waves to one leg, whereas the other side served as non-treated internal control. Rats were sacrificed after 4 weeks with an overdose of barbiturates (phenobarbital; 200 mg/kg body weight, TEVA Pharma, Haarlem, the Netherlands) and the bones were analyzed with microCT, histology, and biomechanical tests. The research protocol was approved by the animal experiments committee of the institution (104729-1/2013. III.11.074) and is in accordance with national law on animal experiments.
Surgical Procedure
Two types of screws insertions were used to represent the typical cortical and cancellous screws. Two cortical screws of 0.84 Â 6.5 mm were implanted in the diaphyseal femur, bicortically. The two cancellous screws of 0.84 Â 5.7 mm were placed unicortically in the distal femur and proximal tibia metaphyses. All screws were made from a titanium alloy (Ti6Al4V grade 5; Mikropr€ azision, Meinerzhagen, Germany) with a core of 0.74 mm, and a pitch of 0.2 mm. Screws were implanted 7 days after acclimatization of the rats in the animal facility. Surgical procedures were performed aseptically under general anaesthesia (1-3.5% isoflurane, AST Farma, Oudewater, the Netherlands). Before surgery, rats received a single dose of antibiotics (enrofloxacin; 5 mg/kg body weight, Bayer, Mijdrecht, the Netherlands). Briefly, both hind legs were shaved from ankle to hip. The right femur was exposed through a lateral skin incision and dissection of soft tissue and division of underlying fascia. The periosteum was not manipulated. A 0.79 mm hole was drilled 3, 15, and 25 mm proximal from the distal growth plate of the femur to implant one unicortical cancellous screw and two bicortical cortical screws, respectively. Thereafter, the medial proximal tibia was exposed in the same manner and 3 mm distal from the proximal growth plate another cancellous screw was inserted (Fig. 1 ). Fascia and skin were sutured in layers using Vicryl Rapide 5-0.
Unfocused Shock Wave Therapy
Directly after screw implantation one leg was treated with unfocused, electrohydraulically generated shock waves (Orthogold 180 c; MTS Medical, Konstanz, Germany). The animal was placed on its left dorsal-lateral side to treat the right leg. An ultrasonic gel was applied as coupling media between the applicator and the skin. Because the treatment area of the applicator is 3.8 cm in diameter, the region of the diaphyseal femur and the region of the distal femur and proximal tibia were treated subsequently (Fig. 1) . The applicator was moved 180˚around the mid-diaphysis of the femur and at the region around the knee, to make sure all bone received an equal amount of energy. At both regions 1.500 UESW with an energy flux density of 0.3 mJ/mm 2 , and an energy level of 10 kV were applied. 29, 35 The contralateral leg served as a control and was not treated. Subcutaneous injections of pain medication (buprenorphine, 0.05 mg/kg body weight, AST Farma) were given twice a day for 3 days.
MicroCT Scanning
Micro-computed tomography (microCT) scanning of the femora and tibiae were made to measure osseointegration of the screws. At baseline, this was performed in vivo directly after UESW treatment when the rats were still under anesthesia in the operating room. In supine position, the hind legs of the rat were fixed, allowing scanning of both the distal femur and proximal tibia, using a microCT imaging system (Quantum FX; PerkinElmer, Waltham, MA). Three minutes of scan time was required per bone for an isotropic voxel size of 42 mm (voltage 90 kV, current 180 mA, field of view ¼ 21 mm). After 4 weeks at endpoint this was repeated ex vivo after the rats were sacrificed.
All datasets were aligned. A cylindrical region of interest (ROI) with a diameter of 1.5 mm closely around the screw was selected (Fig. 2) . The ROI was segmented with a global threshold. Bone volume (BV) was measured in mm 3 around the whole screws ( Fig. 2A and C) , as well as in the central portion of the marrow in both the cortical and cancellous screws ( Fig. 2B and D) , using image processing software (ImageJ; Java, Redwood Shores, CA).
Biomechanical Testing
Biomechanical pullout tests were performed to evaluate screw fixation quantitatively. After harvesting the femora and tibiae were sawed in separate bone parts each with one screw. From each hind leg one screw of each type was stored in a tissue soaked in phosphate buffered saline at À20˚C to perform biomechanical testing afterward. These samples were thawed 1 h before pullout test. The screw head of each specimen was captured and connected to a universal material testing system (ElectroPuls E10000 Instron, Norwood, MA) with a load cell of 1 kN. The specimens were placed in a custom-made holder (Fig. 3 ) and the screw was pulled out of the bone at a displacement rate of 2 mm/min. Forcedisplacement curves were recorded until the screws where pulled out of the bone and the maximal pull out force determined in Newton (N). 
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Histological Evaluation
The remaining two screws of each leg were used for undecalcified histology. These samples were kept in a 4% neutral formalin buffered solution for 1 week, dehydrated in ethanol series (70-100%) and embedded in methyl methacrylate. Sections in the coronal plane of $20 mm were obtained using a diamond saw (Leica SP1600; Leica microsystems, Son, the Netherlands) and stained with 1% methylene blue (Sigma-Aldrich, Zwijndrecht, the Netherlands) and 0.3% basic fuchsin solution (Sigma-Aldrich) to stain bone pink and fibrous tissue blue. Serial sections (across the middle) were then screened for bone formation and bone-implant contact.
Fluorochrome Labeling
To visualize the dynamics of bone formation in time, fluorochrome labels were given post-operative (green label: calcein green 25 mg/kg; Sigma-Aldrich), after 10 days (orange label: xylenol orange 100 mg/kg; Sigma-Aldrich) and after 20 days (yellow label: oxytetracycline 25 mg/kg; Merck, Amsterdam, the Netherlands). To visualize the fluorochrome labels unstained sections were analyzed with a quatripple filter block.
Statistical Analysis
In the analysis of the results of the microCT scanning, average difference between bone formation in one leg at the start and the end of the experiment were assessed with the use of paired t-test for each type of screw, in which the treated and control legs (average of two screws of each type) 
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KOOLEN ET AL served as a pair (SPSS 21.0 software IBM, Armonk, NY). In the analysis of the results of the biomechanical testing, differences between pull out force for treated and control screws at the end of the experiment were assessed with the use of unpaired t-test for each screw type. Paired testing was not possible in the biomechanical tests due to a high drop-out rate for the treated screws, which could not be tested adequately as a consequence of over growth of bone over the screw head.
RESULTS
At time of implantation and UESW treatment, mean bodyweight of the rats was 306 g (SD 26) and increased to 311 g (SD 25) after 4 weeks. No difference in physical activity was observed preoperatively and postoperatively between the UESW treated and control legs. No adverse events were seen in both treated and untreated legs.
MicroCT Analysis
Bone volume could not be measured around three screws on the treated side of one animal as both cancellous screws were accidentally placed at a wrong location and one cortical screw was placed oblique. This leaves fourteen treated and sixteen untreated cortical screws and fifteen treated and sixteen untreated cancellous screws for analysis.
For the bi-cortical screws, UESW resulted in a borderline significant increased bone formation 4 weeks after surgery compared to non-treated controls when analyzed around the whole screw (p ¼ 0.051) (Fig. 4A) . In 4 weeks an increase in bone volume of 5.6% was seen in the treated legs as compared to an increase of 3.6% (SD of difference 3.4) in the untreated control legs. 
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Around the central part (marrow space, Fig. 2B ) of the cortical screws no difference was observed between UESW treated and controls. In UESW treated legs BV decreased by 1.3% compared to a decrease of 2.2% in the untreated legs (SD of difference 9.5) (Fig. 4A) .
Bone volume around cancellous screws measured around the entire region of the screw as well as in a central region only, did not show a significant difference ( Fig. 4C and D) .
Biomechanical Testing
Three UESW treated samples (one cortical and two cancellous screws) could not be tested due to excessive bone over growth that embedded the head of the screws. Another four treated samples (two cortical and two cancellous screws) and one untreated sample (cancellous screw) could not be used for biomechanical testing due to human error during the tests, leaving a total of eleven cancellous and thirteen cortical screws for analysis.
Pullout force was significantly higher in UESW treated cortical screws (162.6 N, SD 21.9) compared to the untreated cortical screws (109.0 N, SD 12.7) (p ¼ 0.04) (Fig. 5) . UESW treated and untreated cancellous screws showed no significant difference in pullout force (p ¼ 0.205) (Fig. 5) .
Ex Vivo MicroCT Analysis and Histology
On microCT reconstructions at 4 weeks after UESW treatment, cortical thickening at the periosteal side along the treated area was observed not only near the site of screw implantation, but also further away from the implanted screws (Fig. 6) . To a lesser extent cortical thickening was also observed near the site of screw implantation around the untreated screws. Along the cancellous screws decreased osseointegration was observed within the bone marrow in both UESW and untreated legs. Furthermore, de novo bone formation was observed after UESW treatment in some animals in the bone marrow between the proximal and distal cortical screws (Fig. 7) .
With histology it is demonstrated that fibrotic areas exist inside the marrow of UESW treated legs, with remaining debris, and more adipocytes than in untreated legs (Fig. 8) . At the periosteal cortex of the treated legs osteoid and immature bone was found with osteoblasts, which suggest active bone formation (data not shown).
Fluorochrome labeling showed both endosteal and periosteal bone activity immediately (green label) after screw insertion around cortical and cancellous screws (data not shown for cancellous screws) with also periosteal bone formation at 10 days (orange label) (Fig. 9) . In UESW treated bones more bone in the marrow seems to be formed around cortical screws and also at the periosteal side of the cortex 
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KOOLEN ET AL (Fig. 9, right) . Periosteal thickening around the area of the screws seemed to be lower in controls as the orange label in the periosteal area is less extensive (Fig. 9, left) . Bone formation arrested around untreated cortical screws within 3.5 weeks, as in none of the untreated legs yellow label was appearing (Fig. 9, left) . In contrast, the UESW treated samples showed yellow label at the endosteal side (Fig. 9,  right) . Bone apposition around the cancellous screws was steady over time in both treated and untreated legs (data not shown).
Moreover, both microCT reconstructions (data not shown) and histology showed areas of neocortex formation in three out of eight animals only in the UESW treated side (Fig. 10) . In these areas the neo cortex was often separated from the existing cortex. The neocortex showed plexiform bone and was surrounded by fibrotic tissue. The starting point of neocortices formation were visible in microCT images, where it separates from the original cortex for a longer part and eventually joins again (data not shown).
DISCUSSION
In this study we showed that peri-operative shock wave treatment can improve cortical screw fixation leading to improved biomechanical properties. The exact mechanism of biological response of shock wave therapy is unknown, but it is thought that the energy is absorbed over each interface or tissue with different elasticities. 36, 37 These different tissues could deform (or displace) differently as a result of the shock wave, thereby causing mechanical deformation specifically at the tissue interface. 38 Therefore, we expected that most of the effect of the shock wave would be present at the interface between the screw and the bone; exactly where osseous integration is needed. 37 However, the effect of shock wave therapy in our model is mostly present at the periosteal site; another interface. These interface effects might be explained by the pulse direction, which was mainly parallel to the screw and orthogonal to the periost.
The effects of shock wave therapy seen in this study are in line with earlier experiments without implants. 26, 27, 35, [39] [40] [41] [42] [43] In earlier work in rats we observed a transient increase in trabecular bone volume after UESW with a peak in cancellous bone gain around 2 weeks after application of UESW. 35 As such, the 4-week follow-up in the current study might be too late to detect this fast cancellous bone response. However, if the new cancellous bone is formed close to the screw, we expected that it would become part of the load-bearing tissue and thereby being prevented . Fluorochrome labeling. Light microscopy images of the fluorochrome labels around both treated and untreated screws. The green label was given directly after implantation, at 10 days the orange and at 25 days the yellow label. The black arrow indicates bone mineralization at 25 days just before termination at 4 weeks, present only around treated screws (yellow label). Red arrow shows more periosteal mineralization at 10 days after shock wave therapy (UESWþ) compared to the control (UESWÀ). Scale bar is 500 mm.
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from resorption. Apparently this is not the case. We did observe de novo bone formation in the bone marrow after shock wave therapy, similar to earlier findings. 26 The localization of this de novo bone formation, however, was not close to the screw and likely did not contribute to the improved screw fixation found in the pull-out tests.
Development of neocortices in three out of eight animals after shock wave therapy may be related to excessive periosteal reaction. A periosteal reaction is the response of the periosteum either to an insult causing a subperiosteal hematoma and affecting the underlying bone or to a generalized process. 44 This could have multiple causes, like infection, fractures, or tumors and has been described before in studies of focused extracorporeal shock waves. 41, 45, 46 Although only at higher energy flux densities, 41 which we did not use. However, in our study the implantation of a screw could have been an additional stimulus for inducing a neocortex. Shock waves may have triggered the conversion of progenitor cells to osteogenic precursor cells as a result of cell-mediated interactions with its surroundings. 37 It is known that this could be affected by mechanical stimuli and also by fractures. 47, 48 Although no fractures have been observed at the microCT scans and histology, there might have been micro-damage as a consequence of screw placement as well as UESW. In an earlier study in which the presence of shockwave induced micro-fractures in rats was studied specifically, no increase of such fractures could be observed. 24 Another possibility could be that UESW induces osteocytic cell death by a mechanism called cavitation. 37 Pycnotic and empty lacunas were seen in the old cortex, after a neocortex was formed in some treated legs. This osteocyte death leads to the stimulation of local bone remodeling via molecular signaling (e.g., reduced sclerostin signaling), so that osteoblast are triggered to produce more osteoid, which would finally lead to a neocortex. 49 In this study, we have shown that a single treatment with UESW results in increased cortical bone formation around cortical screws. As such, UESW therapy can improve the local bone status when screws are placed in cortical bone. However, the effect on bone formation was not observed for cancellous bone.
The present study has several limitations. First, the difference between cancellous and cortical screws used were not the same as in the clinical situation as they are tailor-made for implantation in rats, in which we did not vary the pitch and inner and outer diameter. Furthermore, in vivo microCT scans and histology at an earlier time point could have provided more insight on the bone response, as at 4 weeks the effect on cancellous bone might have been vanished. 35 Since application of UESW in humans has been shown to be safe and the effects of UESW might be beneficial in osteoporotic fracture fixation a clinical pilot study seems justified. Finally, we have no information if the current shockwave application immediately after screw placement is the most optimal timing, as it interferes no with the initial (inflammatory) bone repsons. Shock wave at later time point might be more effective as it might create a longer repair and adaption period.
In conclusion, UESW has potential of developing into a useful method to increase bone formation. However, further research is required to achieve new bone formation more precisely around the screws, control neocortex and de novo bone formation.
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